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(57) ABSTRACT 

Methods of forming an insulating material comprising com- 
bining a polysilazane, a cross-linking compound, and a gas- 
generating compound to form a reaction mixture, and curing 
the reaction mixture to form a modified polysilazane. The 
gas-generating compound may be water, an alcohol, an 
amine, or combinations thereof. The cross-linking compound 
may be an isocyanate, an epoxy resin, or combinations 
thereof. The insulating material may include a matrix com- 
prising one of a reaction product of a polysilazane and an 
isocyanate and a reaction product of a polysilazane and an 
epoxy resin. The matrix also comprises a plurality of inter- 
connected pores produced from one of reaction of the polysi- 
lazane and the isocyanate and from reaction of the polysila- 
zane and the epoxy resin. A precursor formulation that 
comprises a polysilazane, a cross-linking compound, and a 
gas-generating compound is also disclosed. 


16 Claims, 4 Drawing Sheets 
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INSULATING MATERIALS COMPRISING 
POLYSILAZANE, METHODS OF FORMING 
SUCH INSULATING MATERIALS, AND 
PRECURSOR FORMULATIONS 
COMPRISING POLYSILAZANE 


STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 


The U.S. Government has a paid-up license in this inven- 10 
tion and the right in limited circumstances to require the 
patent owner to license others on reasonable terms as pro- 
vided for by the terms of Contract No. NNM07AA75C, 
awarded by NASA. 


TECHNICAL FIELD 


Embodiments of the present disclosure relate to insulating 
materials and methods of forming insulating materials and, 
more specifically, to insulating materials including a modi- 20 
lied polysilazane and methods of forming such materials. 

BACKGROUND 


Takeoff and reentry of space vehicles creates a hostile 25 
environment characterized by high temperatures and turbu- 
lence. To protect a space vehicle, heat-sensitive components 
of the vehicle may be insulated. Without insulation, heat 
generated by friction as the space vehicle travels at high speed 
through the atmosphere may damage instruments or struc- 30 
tures critical to performance of the space vehicle. A need to 
protect life and property dictates that sufficient insulation be 
applied to appropriate portions of space vehicles, to allow the 
space vehicles to safely launch and return to Earth. 

Insulation may be damaged during ground operations. 35 
takeoff from Earth, or during flight operations. For instance, 
a piece of foam insulation broke off the external tank of the 
Space Shuttle Columbia during takeoff in 2003. The foam 
insulation piece struck a wing of the space vehicle and dam- 
aged the space vehicle’s thermal protection system (another 40 
form of insulation). It is believed that the damage to the 
thermal protection system resulted in the disintegration of the 
Columbia upon reentry and the death of all the astronauts on 
board. Insulation may also be damaged during preparation for 
launch, such that repairs must be made in situ (e.g., on the 45 
launch pad). 

Insulation materials may be selected based upon density, 
ability to withstand thermal loads, mechanical properties, 
application methods, toxicity of raw materials, or other prop- 
erties. For example, an insulation material used to repair 50 
damaged insulation of a space vehicle may be selected based 
on low density, high thermal resistivity, and ability to be 
formed in situ. For various applications, different properties 
may be of differing importance. That is, an insulation material 
deemed appropriate or ideal for one application may be 55 
deemed less appropriate or inappropriate for another appli- 
cation. 

Ceramics may be used as insulation materials. For 
example, ceramic tiles having insulating properties may be 
produced by forming a slurry of ceramic precursors and sol- 60 
ids, such as fibers. The slurry may be formed into a mold and 
placed in an environment of heat and/or vacuum to form a 
solid ceramic material. Ceramic coatings may also be formed 
directly on articles requiring insulation. For example, polysi- 
lazane resins, such as those sold by Kion Specialty Polymers, 65 
of Charlotte, N.C., or Kion Defense Technologies, Inc., of 
Huntingdon Valley, Pa. (hereinafter, collectively “Kion”), 


under the trade names HTT 1 800 and CERASET® Polysila- 
zane 20, may be combined with a free-radical initiator and 
applied to surfaces by dipping the surfaces into the resin, or by 
spraying or brushing resin onto the surfaces. The ceramic 
coatings may be cured by heating them with or without 
vacuum, and the required cure time may vary based on the 
identity and concentration of the initiator and on the cure 
environment. 

Foams, such as polyurethane foams, may be used as insu- 
lation materials. Polyurethane foams may be formed by mix- 
ing a polyol-based resin with an isocyanate. The components 
may be mixed as they are sprayed into place, forming the 
foam. Foams used as insulation may be formed in various 
shapes, such as in a mold or directly on components to be 
insulated. Reaction time required for the components to cure 
may vary based on the selection of the components and the 
conditions (e.g., temperature) of the mixture. 

Fillers may be added during the formation of foams to 
change properties of the cured foam, such as density, thermal 
resistivity, modulus of elasticity, etc. Fillers may include par- 
ticles or microballons of glass, carbon, or ceramic. 

Foams may also be formed from polysilazane precursors. 
For example, polysilazane resins HTT 1 800 and CERASET® 
Polysilazane 20 (Kion) may be mixed with hollow particles to 
form syntactic foams (foams in which the cells are formed of 
solid-phase materials, such as microspheres or microbal- 
loons). These foams may be molded under vacuum, and may 
be molded or machined to a desired a shape. 

BRIEF SUMMARY 

Some embodiments of the present disclosure include a 
method of forming an insulating material. The method com- 
prises combining a polysilazane, a cross-linking compound, 
and a gas-generating compound to form a reaction mixture 
and curing the reaction mixture to form a modified polysila- 
zane. The gas-generating compound is water, an alcohol, an 
amine, or a combination thereof. The cross-linking com- 
pound is an isocyanate, an epoxy resin, or a combination 
thereof. 

Some embodiments of the present disclosure include an 
insulating material having a matrix comprising one of a reac- 
tion product of a polysilazane and an isocyanate and a reac- 
tion product of a polysilazane and an epoxy resin. The matrix 
also comprises a plurality of interconnected pores formed by 
gaseous products produced by reaction of one of the polysi- 
lazane and the isocyanate and by reaction of the polysilazane 
and the epoxy resin. 

Other embodiments include a precursor formulation com- 
prising a polysilazane, a cross-linking compound, and a gas- 
generating compound. The cross-linking compound may be 
an isocyanate, an epoxy resin, or a combination thereof. The 
gas-generating compound may be water, an alcohol, an 
amine, or a combination thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

While the specification concludes with claims particularly 
pointing out and distinctly claiming that which is regarded as 
the invention, advantages of this invention may be more 
readily ascertained from the following detailed description 
when read in conjunction with the accompanying drawings in 
which: 

FIGS. 1 and 2 are diagrams showing insulating materials 
formed according to embodiments of the present disclosure; 
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FIG. 3 is a graph showing test data from flame tests of 
samples of insulating materials formed according to embodi- 
ments of the present disclosure; 

FIG. 4 is a diagram showing an insulating material formed 
according to embodiments of the present disclosure; 

FIGS. 5 through 7 are graphs showing test data from flame 
tests of samples of insulating materials formed according to 
embodiments of the present disclosure; and 

FIG. 8 is diagram showing an experimental test of insulat- 
ing material formed according to embodiments of the present 
disclosure. 

DETAILED DESCRIPTION 

Precursor formulations for an insulating material, insulat- 
ing materials, and methods of forming insulating materials 
are described. The precursor formulation includes, before 
curing, a polysilazane, a cross-linking compound, and a gas- 
generating compound. The cross-linking compound may be 
an isocyanate compound, an epoxy resin, or combinations 
thereof. The gas-generating compound may be water, an alco- 
hol, an amine, or combinations thereof. The precursor formu- 
lation may be formed by combining the polysilazane with the 
cross-linking compound and the gas-generating compound. 
The precursor formulation may be cured to form the insulat- 
ing material. The precursor formulation may be foamed in 
situ on articles to be insulated, or may be foamed and cured 
prior to secondary bonding to articles to be insulated. The 
insulating material formed from the precursor formulation 
may have an increased reentry thermal load compared to an 
insulating material formed from FROTH-PAK™ polyure- 
thane foam (available from Dow Chemical Co., Midland, 
Mich.). 

As used herein, the term “foam” means and includes a 
material having an array of cells (bubbles, voids, or pores) 
formed therein. The cells may contain gases or solids. Foams 
may be formed by, for example, reacting a polymer with a 
curative, wherein the reaction generates a gas. The gas gen- 
erated may form the cells of the foam, which become encap- 
sulated or confined as the polymer cures. The cells may be 
closed or open, and the foams may include closed cells, open 
cells, or a combination of closed and open cells. In closed 
cells, pore spaces are not interconnected, whereas in open 
cells, the pore spaces are interconnected. Properties of the 
foam (e.g., density, thermal resistivity, etc.) may vary accord- 
ing to the size and quantity of the cells, according to whether 
the cells are hollow, and according to the properties of the 
material in which the cells are formed. In some foams, micro- 
spheres or other particles form the array of cells. The particles 
may or may not be hollow. Such foams may be formed, for 
example, by mixing microballoons (hollow microspheres) 
with a polymer, and subsequently curing the polymer. Foams 
may also be formed by combining microspheres or other 
particles with a mixture (e.g., a polymer and a curative), 
which reacts to generate a gas. These foams may have cells 
formed by gas bubbles and cells formed by particles. 

As used herein, the term “polysilazane” means and 
includes a polymer or oligomer containing silicon atoms and 
nitrogen atoms bonded in an alternating sequence. Hydrogen 
atoms may also be present in the polysilazane. Polysilazanes 
have reactive Si — N functionality, enabling co-reaction with 
various electrophilic organic materials. The term “polysila- 
zane” is not restricted to compounds containing only silicon, 
nitrogen, and hydrogen atoms, but may also include any poly- 
meric or oligomeric compound having alternating silicon and 
nitrogen atoms, regardless of other functional groups that 
may be present. For example, the polysilazane may include 


4 

carbon atoms. The carbon atoms may be present in organic 
functional groups, such as a vinyl group or a methyl group. 
The polysilazane may also include nitrogen-modified sila- 
zane groups that form urea- or urethane-silazane groups. The 
5 polysilazane may also include atoms of preceramic chemical 
groups, such as atoms of boron, zirconium, aluminum, tita- 
nium, hafnium, tantalum, niobium, vanadium, magnesium, 
calcium, strontium, barium, or combinations thereof. The 
polysilazane may be a homopolymer or a copolymer with 
to another polysilazane or a non-silazane. The polysilazane may 
include a material sold under the trade names CERASET® 
Polysilazane 20 and HTT 1 800, by Kion. As used herein, the 
term “modified polysilazane materials” means and includes a 
cross-linked polysilazane material having chemical groups 
15 formed from reaction of one or more polysilazanes, such as a 
reaction between the polysilazane and cross-linking com- 
pound, or between the polysilazane and gas -generating com- 
pound. The modified polysilazane material includes polymer 
networks that may include ureasilazane groups, urethane- 
20 silazane groups, siloxane groups, polysilazane groups, ure- 
thane groups, urea groups, ether groups, or primary, second- 
ary or tertiary amine groups. 

As used herein, the term “isocyanate” means and includes 
an organic compound having at least one — N=C=0 func- 
25 tional group (i.e., an “isocyanate group”) or a mixture of two 
or more of such compounds. An isocyanate compound may 
include two or more isocyanate groups; isocyanate com- 
pounds with two isocyanate groups are referred to in the art as 
diisocyanates; isocyanate compounds having three isocyan- 
30 ate groups are referred to as triisocyanates; etc. Nonetheless, 
compounds with at least one isocyanate group are included in 
the definition of “isocyanate” used herein. The isocyanate 
compounds may be aromatic compounds or aliphatic com- 
pounds. For example, isocyanates include methylene diphe- 
35 nyl diisocyanate (MDI), polymeric MDI (pMDI), isophorone 
diisocyanate (IPDI), toluene diisocyanate (TDI), paraphe- 
nylene diisocyanate (PPDI), dimeryl diisocyanate (DDI), and 
hexamethylene diisocyanate (HDI). As used herein, the term 
“blocked isocyanate” means and includes an isocyanate com- 
40 pound that has been reacted with at least one blocking group 
(a group with steric hindrance, such as dimethyl pyrazole, 
methylethylketoxime, caprolactam, phenol, etc.) that retards 
or prevents reaction of the isocyanate group. When a blocked 
isocyanate is heated, the blocking group may be released 
45 from the isocyanate, allowing the isocyanate group to react. 

As used herein, the term “epoxy resin” means and includes 
a monomer or a short chain polymer having two or more 
epoxide functional groups. For example, an epoxy resin may 
include compounds formed from a reaction between epichlo- 
50 rohydrin and bisphenol-A, and may have epoxide functional 
groups at both ends of each molecule. 

Insulating materials according to embodiments of the 
present disclosure may be formed by combining and reacting 
the polysilazane, the cross-linking compound, and the gas- 
55 generating compound to form a reaction mixture. Multiple 
reactions may proceed simultaneously to cure the precursor 
formulation and form the insulating material. For example, 
the polysilazane may react with at least one of the cross- 
linking compound and the gas-generating compound, and the 
60 cross-linking compound and the gas-generating compound 
may react with each other. One or more of the reactions may 
produce gas, and the gas produced may form bubbles within 
the insulating material. As the insulating material cures, the 
bubbles may become confined within the insulating material. 
65 Some embodiments of the present disclosure include form- 

ing an insulating material by combining a polysilazane, an 
isocyanate, and a gas -generating compound. That is, the 



US 8,598,245 B2 


5 


6 


cross-linking compound may be an isocyanate. The gas-gen- 
erating compound may be water, an alcohol, an amine, or 
combinations thereof. For example, the gas-generating com- 
pound may include, a mono-alcohol (e.g., methanol, ethanol, 

1 -propanol, 2-propanol, etc.), a di -alcohol (e.g., ethylene gly- 5 
col, propylene glycol, dipropylene glycol, etc.), or a polyal- 
cohol (e.g., polyether- or polyester-based polyols, polyphe- 
nols, etc.). The gas-generating compound may also include a 
monoamine (e.g., ethylamine, propylamine, etc.) or a 
diamine (e.g., ethylenediamine, diethylenetriamine, etc.). 10 
The gas -generating compound may also be a polyether-based 
compound or aminoethane. The gas-generating compound 
may include combinations of one or more of the compounds 
described. This precursor formulation may be formed at the I5 
point of application (i.e., one or more of the components may 
be kept separate from other components until the insulating 
material is to be formed). Upon mixing, the gas-generating 
compound may react with the isocyanate and/or with the 
poly silazane to form a gas . The gas may form bubbles causing 20 
the reaction mixture to foam. As gas is generated, the reaction 
mixture may expand or swell. In some embodiments, the 
expanding reaction mixture may fill a template or mold. The 
expansion of the reaction mixture lowers its density. In some 
embodiments, the reaction mixture, after expansion, may 25 
have a density of less than or equal to about 1.0 g/cm 3 (62 
lb/ft 3 ), less than or equal to about 0.5 g/cm 3 (31 lb/ft J ), less 
than or equal to about 0.16 g/cm 3 (10 lb/ft 3 ), or less than or 
equal to about 0.05 g/cm 3 (3.1 lb/ft 3 ). 

The ability to use water, the alcohol, or the amine as a 30 
component of the reaction mixture was unexpected because 
water, the alcohol, or the amine is considered to be incompat- 
ible with conventional compositions that include polysila- 
zanes. The use of water, the alcohol, or the amine in conven- 
tional compositions that contain polysilazanes was avoided 35 
because undesirable side reactions occurred, such as the pro- 
duction of ammonia. However, since the water, the alcohol, or 
the amine functions in the polysilazane-containing precursor 
formulation to produce a gas, such as ammonia, the water, the 
alcohol, or the amine may be a desirable component of the 40 
embodiments of the precursor formulations of the present 
disclosure. 

As or after the reaction mixture is formed, the reaction 
mixture may begin to cure (i.e., components of the reaction 
mixture may react to form a solid matrix of the insulating 45 
material). The cure reaction may include polymer cross-link- 
ing via an isocyanate or epoxy cure reaction. The cure rate of 
the reaction mixture may vary based on the concentration of 
one or more components of the reaction mixture, tempera- 
ture, pressure, atmospheric composition (e.g., percent rela- 50 
tive humidity), presence of a catalyst, etc. The cured precur- 
sor formulation (i.e., the insulating material) may have a 
density of less than or equal to about 1 .0 g/cm 3 (62 lb/ft 3 ), less 
than or equal to about 0.5 g/cm 3 (3 1 lb/ft 3 ), less than or equal 
to about 0.16 g/cm 3 (10 lb/ft 3 ), or less than or equal to about 55 
0.05 g/cm 3 (3.1 lb/ft 3 ). The density may vary inversely with 
the volume of gas confined within the material. The reaction 
mixture may be cured at a temperature of less than about 200° 

C., such as less than about 100° C. In one embodiment, the 
cure temperature may be about room temperature (i.e., 60 
between about 20° C. and about 25° C.). 

Hie gas-generating compound in the precursor formula- 
tion may generate at least one of a mm onia and carbon diox- 
ide. The gas -generating compound may react with the polysi- 
lazane or the isocyanate to produce the gas. The quantity and 65 
identity of gas generated may vary based on the quantity and 
identity of the components of the reaction mixture. For 


example, reaction of a polysilazane with water produces 
ammonia gas (NH 3 ) according to the following reaction: 


-Si 


H 

I / 

Si'/w' 


(reaction 1) 
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The reaction of a polysilazane with an alcohol also produces 
ammonia gas according to the following reaction: 


r Si 


(reaction 2) 


r Si 

-^ H NH 


H 
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Reaction of polysilazane with an alcohol having only one 
alcohol ( — OH) functional group utilizes two moles of alco- 
hol per mole of polysilazane, versus a 1 : 1 molar ratio for the 
reaction of polysilazane with water shown in reaction 1 
above. Furthermore, reaction with a monofunctional alcohol 
as shown in reaction 2 cleaves the polysilazane polymer (i.e., 
causes polymer scission). For this reason, monofunctional 
alcohols in the reaction mixture may decrease the degree of 
cross-linking in an insulating material formed from such a 
mixture. 

Like water and alcohol, amines produce ammonia gas upon 
reaction with a polysilazane according to the following reac- 
tion: 
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(reaction 3) 
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+ nh 3 fe)- 15 


I 

r Si R 
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Like reaction 1 , the reaction of a monofunctional amine with 20 
the polysilazane in a 1 : 1 ratio produces an uncleaved polymer 
and ammonia gas. Amines with multiple amino groups (di- 
amines, triamines, etc.) may react with multiple polysila- 
zanes and may form cross-links between polysilazanes. 

The gas -generating compound may also react with the 25 
isocyanate. For example, a reaction of water with an isocy- 
anate produces an amine and carbon dioxide (CO,) according 
to the following reaction: 


R — N=C=0 




(reaction 4) 


H / 
R — N — C 

\ 

O 

/ 


30 


R — NH, + CO, (g). 

35 


The reaction of an amine (either added to the reaction mixture 
or as the product of reaction 4) with an isocyanate forms a 
urea compound (a compound having a carbonyl group 
attached to two organic amine residues), without generating a 
gas according to the following reaction: 


(reaction 5) 


R — N = C = 0 + R' NH 2 


H 


H 


50 


Likewise, the reaction of an alcohol with an isocyanate forms 
a urethane compound without generating a gas, according to 
the following reaction: 


(reaction 6) 

R — N=C=0 + R' OH •- N O 60 

ST XT R'. 

II 

o 

Isocyanates and polysilazanes may also react with one 65 
another. An isocyanate compound with a single isocyanate 
functional group may react with a single polysilazane. With- 


8 

out being bound by a particular theory, it is believed that the 
reaction may proceed as follows: 


(reaction 7) 


H 

r SiH I .Si-'w' 


0=C = N 
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Because reaction of polysilazane with isocyanates having 
single isocyanate functional groups produces no cross-link- 
ing, such isocyanates are not generally used alone for poly- 
merization reactions, though they may be used in combina- 
tion with multifunctional isocyanates to control the degree of 
cross-linking. Diisocyanates may be added to a reaction mix- 
ture to effect cross-linking according to the following reac- 
tion: 


(reaction 8) 
NCO 




SiH Si-""'- 


N=e=o 




1 0 1 



1 II 1 

SiH A, HSi„ 

+ SiH 
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y SlH v 


A diisocyanate molecule may react with two separate polysi- 
lazane molecules, producing a cross-linked material. This 
reaction may be referred to as an isocyanate cure reaction. In 
some embodiments, isocyanates with more than two isocy- 
anate groups may be used. Use of isocyanates with more than 
two isocyanate groups may produce a material with a higher 
degree of cross-linking than a material formed from diisocy- 
anates. Such isocyanates may be used in various ratios to vary 
or select the level of cross-linking (e.g., a diisocyanate and a 
triisocyanate may be used, and the ratio of diisocyanate to 
triisocyanate may be varied, with a higher proportion of tri- 
isocyanate corresponding to a higher degree of cross-link- 
ing)- 

When a polysilazane, an isocyanate, and a gas -generating 
compound are combined, two or more of the reactions 1 
through 8 may occur simultaneously. For example, in a mix- 
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tiire of a polysilazane, a diisocyanate, and water, reactions 1, 

3, 4, 5, and 8 may occur — some competing (i.e., consuming 
one or more common reactants) and some complementary 
(i.e., a product of one reaction may be a reactant of another). 
The use of water, alcohol, and amine has been avoided in 5 
conventional compositions including polysilazanes because 
they react with polysilazanes to form ammonia, which has 
been undesirable in conventional compositions. 

In some embodiments, the reaction rates of the gas-gener- 
ating reactions (reactions 1 through 4) may be sufficiently to 
high that the gas generated in the reaction mixture may foam 
the material, forming bubbles that remain in the reaction 
mixture as the reaction mixture cures. Thus, insulating mate- 
rials of the present disclosure may include foams formed 
without the addition of a blowing agent. 15 

To modify the rate of one or more reactions and/or optimize 
properties of the reaction products, one or more catalysts may 
be added to the reaction mixture. For example, catalysts such 
as metal salts or organometallic complexes (e.g., dibutyl tin 
dilaurate (DBTDL) triphenyl bismuth, etc.), quaternary 20 
ammonium salts, alkali metal carboxylates, or tertiary or 
quaternary amines, may increase the cure rate of the reaction 
mixture. Various catalysts may be selected for their abilities to 
promote certain reactions, such as the reaction of isocyanate 
with water or alcohol. Forexample, N,N',N"-dimethylamino- 25 
propyl hexahydrotriazine (commercially available as POLY- 
CAT® 41, from Air Products and Chemicals, Inc., of Allen- 
town, Pa.), a tertiary amine catalyst, may promote reactions 4 
and 6, and may promote the formation of isocyanurates 
through isocyanate trimerization. This catalyst, therefore, 30 
may be used in various concentrations to vary the ratio and/or 
total quantity of C0 2 and NFI 3 gas generated in the reaction 
mixture. It may also be used to vary the reaction rate of the 
isocyanate cure reaction (reaction 8). 

Reaction rates may also vary based on the identity of the 35 
components of the reaction mixture. For example, aromatic 
isocyanates, such as MDI, may react more quickly with pol- 
ysilazanes than aliphatic isocyanates, such as IPDI or DDI 
(reaction 8). Likewise, unhindered, primary alcohols and 
amines may react more quickly with polysilazanes than hin- 40 
dered, secondary alcohols and amines (reactions 5 and 6). 
Some reactions may also utilize heat input to proceed at any 
appreciable rate. 

In some reaction mixtures, the reaction rate of the isocy- 
anate cure reaction (reaction 8) may be much higher than the 45 
reaction rates of gas-generating reactions (reactions 1-4). 
Such a mixture may generate few gas bubbles, which become 
the foam cells as the reaction mixture cures. One or more 
catalysts (e.g., DBTDL) may be added to increase the reac- 
tion rate of the gas -generating reaction relative to the reaction 50 
rate of the isocyanate cure reaction. An increase in the reac- 
tion rate of the gas -generating reaction may increase the 
quantity of gas within the reaction mixture. This, in turn, may 
increase the number of cells formed in the foam. An increase 
in the number of cells in the foam may, for example, decrease 55 
the density of the foam or increase the foam’s thermal resis- 
tivity. 

A high reaction rate of the isocyanate cure reaction (reac- 
tion 8 ) may be beneficial for some applications because it may 
enable the polysilazane to cme quickly without added heat. 60 
This may be valuable for application or repair of insulating 
materials to parts that cannot easily be placed in a cure oven 
(e.g., large parts or parts sensitive to heat, such as rocket 
motors). 

In certain embodiments, blocked isocyanate compounds 65 
may be used to modify the reaction rate of the isocyanate cure 
reaction (reaction 8). Some or all of the isocyanate compound 


10 

combined into a reaction mixture may be a blocked isocyan- 
ate compound. Such blocked isocyanate compounds may be 
unreactive below a so-called “unblocking temperature,” as 
determined by the chemical composition of the blocked iso- 
cyanate. Blocked isocyanates are known in the art and are 
known to be used to modify rates of isocyanate cure reactions . 
Blocked isocyanates may have unblocking temperatures 
from, for example, about 110° C. to about 180° C. If the 
temperature of the reaction mixture is below the unblocking 
temperature, the blocked isocyanate will not react. Thus, a 
reaction mixture wherein all the isocyanate is a blocked iso- 
cyanate may be stable (i.e., the reaction may not cure) at a 
storage temperature (e.g., 20° C.). Such a reaction mixture 
may require a heat source (e.g., a heated substrate upon which 
it is applied, a heated application nozzle, etc.) before the 
reaction proceeds. 

In some embodiments, one or more polyols may be added 
to the reaction mixture, for example, to produce a foam hav- 
ing a different toughness or flexibility. Reactions of the pol- 
ysilazane with polyols may limit or avoid the problem of 
polymer scission because each polyol has two or more alco- 
hol functional groups, each of which may react with a portion 
of a polysilazane. A difunctional alcohol theoretically has no 
net effect on the cross-link density of cured insulating mate- 
rials because the scission caused by one of the alcohol groups 
is counteracted by the other alcohol group’s linking with 
another polysilazane chain. Polyols with three or more alco- 
hol functional groups may increase the cross-link density. A 
foam formed from a polyol may exhibit higher toughness and 
flexibility than a similar foam formed from a reaction mixture 
with a monofunctional alcohol. The length between cross- 
links may be varied by varying the molecular weight of polyol 
reactants. A longer length between cross-links may corre- 
spond to a more flexible cured foam. Without being bound by 
a particular theory, it is believed that an increased length 
between cross-links increases toughness by providing 
microphase separations that may stunt the propagation of 
cracks. The length between cross-links may be varied by 
varying the concentrations and types of polyols in the reaction 
mixture, and by varying the average molecular weight of the 
polyols. 

Polyols may be used to control the rate of the isocyanate 
cure reaction. Alcohols in the reaction mixture may react with 
isocyanates (as in reaction 2) and/or with polysilazanes (as in 
reaction 6). Because alcohol reactions compete with the iso- 
cyanate cure reaction (reaction 8), the cure rate of the reaction 
mixture may be modified by the presence of alcohols. Polyols 
may be particularly advantageous for such cure rate modifi- 
cations because they need not lower the cross-link density of 
the final product. 

In certain embodiments, a solid filler may be added to the 
reaction mixture. Upon curing, a foam containing such a solid 
filler may exhibit enhanced ablative performance or other 
properties than a foam without solid fillers. Solid fillers may 
include, for example, filmed silica, glass microspheres, boron 
carbide, zinc borate, expanding graphite, aluminum trihy- 
drate, etc. The microspheres may be formed of glass, silica, 
ceramic, polymeric, phenolic, or combinations thereof By 
way of example, the expanding graphite may be GRAF- 
GUARD® expandable graphite flake, available from GrafT- 
ech International, of Parma, Ohio. Boron carbide used as a 
solid filler may include, for example, a -325 mesh boron 
carbide (i.e., boron carbide that passes through a No. 325 
mesh sieve, particles with a maximum diameter of about 44 
pm), currently available from Electro Abrasives, of Buffalo, 
N.Y 
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To aid in processing, one or more surfactants may be added 
to the reaction mixture. For example, if water is used as a 
gas -generating compound in the reaction mixture, a surfac- 
tant may improve the solubility of the water with the other 
components of the reaction mixture. The surfactant may 5 
affect the formation, stability, and morphology of gas bubbles 
in the reaction mixture. As the reaction mixture cures, the gas 
bubbles form cells of the cured foam. The cell size may affect 
properties of the foam, such as thermal resistivity, density, 
etc. The size of gas bubbles in the reaction mixture may be to 
varied by varying the concentration and identity of surfac- 
tants in the reaction mixture. Because the size of gas bubbles 
in the reaction mixture may determine the properties of cured 
foams, different surfactants or concentrations thereof may be 
used to produce foams with different properties. As one 15 
example, a silicone glycol copolymer surfactant may be 
added to the precursor formulation, such as DABCO® 
DC5598, available from Air Products and Chemicals, Inc., of 
Allentown, Pa. 

In some embodiments, cells within foams may be formed 20 
by adding small amounts of volatile materials, called blowing 
agents, to the reaction mixture before or as it reacts. Blowing 
agents may be solvents such as chlorocarbons, fluorocarbons, 
hydrofluorocarbons (HFCs) (e.g., FfFC-134a or FlFC-245fa), 
chlorofluorocarbons (CFCs), hydrochlorofluorocarbons 25 
(HCFCs), or other hydrocarbons (e.g., pentanes or butanes). 
Blowing agents may be inert (i.e., they may not substantially 
react with the reaction mixture). Flydrocarbons with low boil- 
ing points, such as butane, pentane, and isopentane, may be 
used as blowing agents because they form gases at tempera- 30 
tures useful for forming insulation materials. The blowing 
agent may be mixed with the reactants (e.g., the polysilazane 
or isocyanate) under pressure or at low temperature. When the 
pressure on the blowing agent is reduced (e.g., in a mixing 
nozzle), the blowing agent may boil, forming bubbles in the 35 
mixture. The bubbles may become encapsulated as the reac- 
tion mixture cures, forming cells of the foam. Blowing agents 
may produce a foam with desirable physical properties, such 
as a selected density, strength, and/or thermal resistivity. 
Properties may vary based on the concentration and identity 40 
of the blowing agents, as well as on other conditions (e.g., 
temperature, pressure, concentration of other reactants, etc.). 

In some embodiments, the gas-generating compound (such as 
water, an alcohol, or an amine) may be used as a blowing 
agent insomuch as it generates gas in the precursor formula- 45 
tion. These gas-generating compounds may be used instead 
of or in addition to an inert blowing agent. These gas-gener- 
ating compounds may have fewer or less-serious environ- 
mental concerns than solvent blowing agents. Since the gas- 
generating compounds may be liquid or solid at room 50 
temperature, and may be non-hazardous, storage and han- 
dling may be simplified in comparison with the storage and 
handling of other blowing agents. 

In some embodiments, the reaction mixture may be formed 
by mixing three components simultaneously. That is, the 55 
isocyanate, the polysilazane, and the gas-generating com- 
pound may be kept separate until the point of application. 
These three ingredients may be kept separate before use 
because any two of the components may react together (i.e., 
the isocyanate may react with the polysilazane, and either 60 
may react with the gas -generating compound). In other 
embodiments, two of these three components may be pre- 
mixed prior to the point of use. For example, an isocyanate 
may be premixed with polysilazane before use. This premix 
may then be combined with the gas-generating compound in 65 
a two-part mixing nozzle. So long as the premix of isocyanate 
and polysilazane has a finite reaction rate at a storage tem- 
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perature, the mixture has a limited pot life (i.e., time before 
the premix cures). For example, a premix of IPDI and polysi- 
lazane may have a pot life of one to three hours. Premixes of 
other, more reactive isocyanates may have shorter pot lives — 
much shorter in some instances. If the pot life of a premix is 
too short, there may be insufficient time to mix the other 
components before the premix cures. Catalysts may be added 
to the premix or the other components (e.g., the gas-generat- 
ing component) to change the reaction rate, such as to 
increase the reaction rate of the isocyanate cure reaction in the 
final reaction mixture. 

After combining the components, the precursor formula- 
tion may be applied and cured, forming the insulating mate- 
rial. The precursor formulation may be applied to an article, 
such as by spraying, pouring, or injecting, and foamed in situ. 
The precursor formulation may conform to an outer surface of 
the article and then be cured in situ. Alternatively, the precur- 
sor formulation may be foamed and cured in situ, or foamed, 
cured or partially cured, and secondarily bonded to the article. 
The precursor formulation may be foamed (i.e., molded) by 
pouring the precursor formulation into a mold and then cur- 
ing. The precursor formulation may be cured by heating the 
precursor formulation, for example, to a temperature of from 
about 1 5° C. to about 80° C. By way of example, the precursor 
formulation may be cured at ambient temperature or another 
appropriate temperature. 

The insulating material on the article may provide thermal 
protection to the article, such as protecting the article from 
extreme conditions, such as the conditions present during 
reentry of the article into Earth’s atmosphere or during a fire. 
Therefore, the insulating material may be used as thermal 
protection or insulation for articles exposed to extreme con- 
ditions, such as for insulation of articles that will be subjected 
to atmospheric reentry. The insulating material may be used 
to provide thermal shielding in aerospace or fire protection 
applications, such as firewalls, firebreaks, insulation of build- 
ing structural materials (e.g., steel frameworks or substruc- 
tures). By way of example, the insulating material may be 
resistant to a temperature of up to about 1500° F. (about 
8 1 5.6° C.). At these temperatures, the insulating material may 
maintain its structural integrity and have a low mass loss. The 
insulating material may have a low density, such as from 
about 0.05 g/cm 3 to about 0.5 g/cm 3 (about 3.1 lb/ft 3 to about 
31.2 lb/ft 3 ). The insulating material may also withstand up to 
about 325 kcal/m 2 s (120 BTU/ft 2 s, or 120 BFS) for up to 
about 2 minutes and a temperature of up to about 815.6° C. 
(about 1 500° F.) without raising the temperature of a substrate 
material of the article above about 148.9° C. (about 300° F.). 

In certain embodiments, the precursor formulation may 
include from about 1 weight percent (wt %) polysilazane to 
about 50 wt % polysilazane. For example, the precursor for- 
mulation may include from about 1 0 wt % to about 44 wt % 
polysilazane. In particular, the precursor formulation may 
include about 20 wt % polysilazane. 

In certain embodiments, the precursor formulation may 
include from about 0 wt % to about 80 wt % isocyanate. For 
example, the precursor formulation may include from about 
10 wt % to about 50 wt % isocyanate. In particular, the 
precursor formulation may include about 30 wt % isocyanate. 
The isocyanate in the precursor formulation may include an 
aromatic isocyanate, aliphatic (including cycloaliphatic) iso- 
cyanate, or both. For example, the precursor formulation may 
include from about 0 wt % to about 80 wt % of the aromatic 
isocyanate (such as MONDUR® CD or MONDUR® 489, 
available from Bayer MaterialScience LLC, Pittsburgh, Pa., 
or SUPRASEC® 9150, available from Fluntsman Chemical, 
Auburn Hills, Mich., etc.), such as about 30 wt % of the 
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aromatic isocyanate. The precursor formulation may include 
from about 0 wt % to about 80 wt % aliphatic isocyanates 
(such as HDI, IPDI, etc.), such as about 10 wt % aliphatic 
isocyanates . The precursor formulation may include a ratio of 
nitrogen equivalents ( — NH — ) in silazane to isocyanate 5 
equivalents ( — N=C=0) in isocyanate from about 0.8 to 
about 1.25. For example, the precursor formulation may 
include about 67 wt % MDI (equivalent weight of about 125 
g/eq) and about 33 wt % polysilazane (approximate equiva- 
lent weight of about 70 g/eq) for an approximate equivalence 10 
ratio of 0.88. The equivalence ratio may be varied, and may 
determine the crosslink density and the resulting mechanical 
properties of the foam. In general, a foam with a higher 
silazane-to-isocyanate ratio will have a lower modulus. 1 . 

In some embodiments, the precursor formulation may 
include from about 0 wt % to about 50 wt % gas-generating 
compound. For example, the precursor formulation may 
include from about 1 wt % to about 20 wt % gas-generating 
compound. In particular, the precursor formulation may , f) 
include about 1 6 wt % gas-generating compound. The gas- 
generating compound may include water, an alcohol, an 
amine, or combinations thereof. If water is used as the gas- 
generating compoimd, the precursor formulation may include 
from about 1 .0 wt % to about 5.0 wt % water, such as from 
about 1.0 wt % to about 3.0 wt % water. For example, the 
precursor formulation may include from about 0.5 wt % to 
about 2.0 wt % water. A higher amount of water in the pre- 
cursor formulation may generate more gas, which results in 
an insulating material formed from the precursor formulation , f) 
having a lower density. In one embodiment, the precursor 
formulation includes about 1.0 wt % water. The precursor 
formulation may include from about 0 wt % to about 50 wt % 
alcohol, such as from about 5.0 wt % to about 40 wt % 
alcohol. For example, the precursor formulation may include , s 
from about 5 .0 wt % to about 20 wt % alcohol . In one embodi- 
ment, the precursor formulation includes about 1 5 wt % alco- 
hol. The precursor formulation may include from about 0 wt 
% to about 50 wt % amine. For example, the precursor for- 
mulation may include from about 5.0 wt % to about 20 wt % 4Q 
amine. In one embodiment, the precursor formulation 
includes about 10 wt % amine. 

The precursor formulation may include, for example, less 
than or equal to about 5.0 wt % surfactant. As a further 
example, the precursor formulation may include less than or 
equal to about 3.0 wt % surfactant. The precursor formulation 
may also include, for example, less than or equal to about 2.0 
wt % catalyst. As a further example, the precursor formula- 
tion may include up to about 0.05 wt % of catalyst. The 
precursor formulation may include, in some embodiments, 5Q 
less than or equal to about 30 wt % solvent blowing agent. 

In some embodiments, the precursor formulation may 
include from about 0 wt % to about 50 wt % filler. For 
example, the precursor formulation may include from about 
10 wt % to about 30 wt % filler. In one embodiment, the 55 
precursor formulation includes about 20 wt % filler. 
Examples of foam insulation precursor formulations are 
shown in Tables 1 through 3. 

TABLE 1 


Component Amount (wt %) 


CERASET ® Polysilazane 20 (Kion) 20 

Isocyanate 40 

(mixture of aliphatic (10%) and aromatic 

(30%) isocyanates) 65 

Water 1.0 
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TABLE 1 -continued 


Component 

Amount (wt %) 

CAPA ® 3050 polyol (Perstorp Polyols, 
Toledo, OH) (2-oxepanone polymer with 
2-ethyl-2- (hydroxymethyl)- 1, 3 -propanediol) 

15 

POLYCAT ® 41 catalyst (Air Products and 
Chemicals, Inc., Allentown, PA) 

0.05 

DABCO ® DC5357 surfactant (Air Products 
and Chemicals, Inc.) 

3.0 

Fillers 

20.95 

TABLE 2 

Component 

Amount (wt %) 

CERASET ® Polysilazane 20 (Kion) 
Isocyanates: 

38.2 

TRIXENE ® BI7641 (dimethyl pyrazole, 
a blocked isocyanate) (Tri-Iso, Inc., 
Claremont, CA) 

13.5 

MONDUR ® CD (a modified MDI) (Bayer 
MaterialScience LLC, Pittsburgh, PA) 

19.1 

Water 

3.4 

KRASOL ® LBD2000 polyol (SpecialChem, 
Paris, France) (poly butadiene with terminal 
isocyanate groups) 

22.5 

DABCO ® DC5598 surfactant (Air Products 
and Chemicals, Inc., Allentown, PA) 

3.4 

TABLE 3 

Component 

Amount (wt %) 

CERASET ® Polysilazane 20 (Kion) 

18 

Isocyanates 

36 

Water 

1.5 

CAPA ® 3050 polyol (Perstorp 

26 

Polyols, Toledo, OH) 

DABCO ® DC5337 surfactant (Air 

3.0 

Products and Chemicals, Inc., 
Allentown, PA) 

POLYCAT ® 41 catalyst (Air 
Products and Chemicals, Inc., 

0.5 

Allentown, PA) 

Fillers: 

Silica, 6-12 wt % 

Boron Carbide, 0-9 wt % 
Graphite, 0-3 wt% 

15 


In the formulation shown in Table 2, approximately 41 wt 
% of the isocyanate is in the form of a blocked isocyanate 
(dimethyl pyrazole). In other words, the blocked isocyanate 
accounts for about 41 wt % of the total isocyanate. In other 
embodiments, the isocyanate may include, for example, from 
about 1 0 wt % blocked isocyanate to about 50 wt % blocked 
isocyanate. 

In certain embodiments of the disclosure, an insulating 
material may be formed by combining a polysilazane, an 
epoxy resin, and a gas-generating compound, to form the 
precursor formulation. That is, the cross-linking compound 
may be an epoxy resin. The gas -generating compound may be 
an amine, such as a polyamine monomer, which may conven- 
tionally be used as a curative for epoxy resins. 

The epoxy resin may react with the polysilazane in a simi- 
lar manner to diisocyanates (reaction 8, above). That is, an 
epoxide functional group of the epoxy resin may react with 
one polysilazane molecule, and another epoxide functional 
group may react with another polysilazane molecule accord- 
ing to the following possible reactions: 
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(reaction 9) 
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The epoxy resin may also react with an amine: 


(reaction 10) 



For simplicity of illustration, only one of the epoxide func- 
tional groups of the epoxy resin is shown to react in each of 40 
reactions 9 and 10. Flowever, both epoxide groups may react 
with the polysilazane and/or the amine; if both epoxide 
groups react, molecules of the polysilazane may become 
cross-linked. Upon combining the polysilazane, the epoxy 
resin, and the amine, multiple reactions may proceed simul- 45 
taneously, for example, as in reactions 3, 9, and 10. 

In some embodiments, the reaction rate of a gas-generating 
reaction (e.g., reaction 3) may be sufficiently high that the gas 
generated in the reaction mixture may foam the precursor 
formulation, forming bubbles that remain in the precursor 50 
formulation as it cures. Other gas-generating compounds 
(water, an alcohol, or combinations thereof) may be added to 
promote the formation of gas bubbles (see reactions 1 and 2). 
The gas bubbles may become entrained as the precursor for- 
mulation cures, forming foam cells in the insulating material. 55 

To modify the rate of one or more reactions and/or to 
optimize properties of the insulating material, one or more 
catalysts may be added to the reaction mixture. For example, 
catalysts such as tertiary or quaternary amines, BF 3 -amine 
complexes, or BC1 3 -amine complexes, may increase the cure 60 
rate of the reaction mixture. Hie specific catalyst to be used 
may be selected for its ability to promote various reactions. 

In certain embodiments, the polysilazane may be premixed 
with either the epoxy resin or the gas-generating compound, 
such that the precursor formulation may be formed by com- 65 
billing just two components at the point of use (wherein the 
two components may be two premixes or a premix and a 


single reactant). That is, a polysilazane-epoxy resin premix 
may be combined with a gas -generating compound, or a 
polysilazane-gas-generating compound premix may be com- 
bined with an epoxy resin. Flow rates and mixing may be 
easier to control for mixtures of two components than for 
mixing of three or more components. Sufficient mixing may 
be easier to achieve in a premix than in a mixture of all the 
reactants of the precursor formulation, because omitting one 
or more reactants may eliminate or mitigate time, tempera- 
ture. or other constraints on operations that may be per- 
formed. In other words, the reactant to be added later (after 
the premix is sufficiently mixed) may provide a key ingredi- 
ent that drives one or more reactions. Without such an ingre- 
dient. the premix may react slowly or not at all. 

By forming a premix including the polysilazane, the pol- 
ysilazane may react at least partially with another component 
of the premix. For example, in a premix of polysilazane and 
the epoxy resin, an epoxy-modified polysilazane may form 
(see reaction 9). The epoxy resin may not be frilly reacted with 
the polysilazane, and residual epoxide groups may be avail- 
able for further reaction. Upon combining the polysilazane- 
epoxy resin premix with a gas -generating compound, unre- 
acted epoxide groups may react with the gas -generating 
compound, cross-linking the epoxy-modified polysilazane 
and curing the reaction mixture. 

In a premix of polysilazane and a gas -generating com- 
pound, wherein the gas-generating compound is an amine, an 
amine-modified polysilazane may form. The amine may Hilly 
react with the polysilazane (see reaction 3), yet may retain 
some reactivity toward the epoxy resin. 

A premix containing polysilazane may be shelf-stable such 
that the premix may be prepared in advance (such as in large 
batches) and may be stored until needed. The premix may 
contain other reactants, such as at least one polyol, at least one 
catalyst, at least one solid filler, at least one surfactant, etc., or 
combination thereof. In some embodiments, two premixes 
may be prepared, each containing two or more reactants. For 
example, the polysilazane and epoxy resin may be in one 
premix, and the gas-generating compound and a catalyst may 
be in another premix. Another gas -generating compound may 
be added to the gas-generating compound, such that upon 
mixing of the components, the polysilazane reacts with both 
gas-generating compounds, forming gas bubbles. These gas 
bubbles may become entrained in the precursor formulation 
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and form cells ofthe resulting cross-linked polymer. Hie cells seconds (see FIG. 3). The sample of FROTH-PAK™ poly- 
may provide enhancement of properties of the resulting insu- urethane foam disintegrated quickly in the 40 BSF torch test, 

lating material, such as enhanced structural, thermal, density, 

etc., properties. Example 2 


The following examples serve to explain embodiments of 
the precursor formulation of the insulating materials and 
methods of forming the insulating materials in more detail. 
These examples are not to be construed as being exhaustive or 
exclusive as to the scope of the invention. 

EXAMPLES 

The materials were purchased from commercial sources, 
such as Kion Specialty Polymers (of Charlotte, N.C.) or Kion 
Defense Technologies, Inc. (Huntingdon Valley, Pa.) (collec- 
tively “Kion”), Bayer MaterialScience LLC (Pittsburgh, Pa. ), 
Air Products and Chemicals, Inc. (Allentown, Pa.), 3M (St. 
Paul, Minn.), Huntsman Chemical (Auburn Hills, Mich.), 
Electro Abrasives (Buffalo, N.Y.), Evonik Industries AG (Es- 
sen, Germany), Perstop Polyols, Inc. (Toledo, Ohio), GrafT- 
ech International (Parma, Ohio), and Trelleborg Offshore 
Boston, Inc. (Mansfield, Mass.). Unless otherwise specified, 
percentages in the following examples are weight percent- 
ages. 

Example 1 

25.4% Polysilazane with 4.8% Boron Carbide 

Precursor formulation 1 was formed having 25.4% 
CERASET® Polysilazane 20 (available from Kion), 49.9% 
MDI (MONDUR® CD, available from Bayer), 1.2% water, 
15.1% alcohol (poly(oxy(methyl-l,2-ethanediyl)), a-hydro- 
Q-hydroxy, ether (also known as (a-hydro-Q-hydroxy poly 
(oxy(methyl-l,2-ethanediyl)) ether) with 2,2-bis(hydroxym- 
ethyl)- 1,3-propanediol (4:1)) (hereinafter REN®) 6405, 
available from Huntsman Chemical), 0.9% catalyst (0.5% 
POLYCAT® 41 and 0.4% DABCO® TMR, both available 
from Air Products), 2.7% DABCO® DC5598 surfactant 
(available from Air Products), and 4.8% boron carbide (-325 
mesh, available from Electro Abrasives). Precursor formula- 
tion 1 was formed by hand mixing in a mix cup using a premix 
of MDI and boron carbide; a premix of alcohol, catalysts, 
surfactants and water; and polysilazane. 

A thermocouple 106 was placed on a 6.35 nun (0.25 in) 
layer of cork 102 over a backing plate 100 , as shown in FIG. 
1. Precursor formulation 1 was poured into a mold to a thick- 
ness of 25.4 mm (1 .0 in) onto the layer of cork 102 and over 
thermocouple 106 . The components of Precursor formulation 
1 reacted to form a foam 104 . The foam 104 was cured for a 
minimum of 30 minutes prior to demolding forming test 
sample 110 . The foam 104 had a density of about 0.15 g/cm 3 
to about 0.20 g/cm 3 (9.3 lb/ft 3 to 12.5 lb/ft 3 ). The test sample 
110 was subjected to a 40 BSF torch test, as shown in FIG. 2 . 

In the 40 BSF torch test, an oxyacetylene torch 120 was 
disposed 15.24 cm (6.0 in) from the test sample 110 . The 
oxyacetylene torch 120 was calibrated to provide a heat load 
of 108.5 kcal/m 2 s (40 BTU/ft 2 s, or 40 BFS) to the test sample 
110 . The test sample 110 was subjected to the heat of the 
oxyacetylene torch 120 for approximately 60 seconds. The 
temperature at the thermocouple 106 (the backside tempera- 
ture) was measured and recorded, with the results shown in 
FIG. 3. The backside temperature remained approximately 
constant for 30 seconds, at which time the backside tempera- 
ture increased rapidly. As a comparison, the backside tem- 
perature under a sample of FROTH-PAK™ polyurethane 
foam (Dow Chemical Co., Midland, Mich.) with similar 
dimensions remained approximately constant for about 25 
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24.4% Polysilazane with 4.9% Boron Carbide and 2.4% 
Glass Microspheres 

Precursor formulation 2 was formed having 24.4% 
CERASET® Polysilazane 20 (Kion), 29.3% MDI (MON- 
10 DUR® CD, Bayer), 19.5% IPDI (Evonik), 1.0% water, 
15.5% alcohol (11.7% REN® 6405, Huntsman Chemical, 
and 3.8% propylene glycol), 0.1% catalyst (0.05% POLY- 
CAT® 41 and 0.05% DABCO® TMR, Air Products), 2.9% 
DABCO® DC5987 surfactant (Air Products), 4.9% boron 
15 carbide (-325 mesh, Electro Abrasives), and 2.4% glass 
microspheres (3M™ Glass Bubbles K20). Precursor formu- 
lation 2 was formed by hand mixing in a mix cup using a 
premix of isocyanates, boron carbide, and glass micro- 
spheres; a premix of alcohol, catalysts, surfactant and water; 
20 and polysilazane. 

A thermocouple 106 was placed on a 6.35 mm (0.25 in) 
layer of cork 102 over a backing plate 100 , as shown in FIG. 
1. Precursor formulation 2 was poured into a mold to a thick- 
ness of 25.4 nun (1.0 in) onto the layer of cork 102 and over 
25 thermocouple 106 . The components of Precursor formulation 

2 reacted to form a foam 104 . The foam 104 was cured for a 
minimum of 30 minutes prior to demolding, forming test 
sample 110 . The foam 104 had a density of about 0.15 g/cm 3 
to about 0.20 g/cm 3 (9.3 lb/ft 3 to 1 2.5 lb/ft 3 ). The test sample 

30 110 was subjected to a 40 BSF torch test, as shown in FIG. 2 
and described above in Example 1 . 

The test was performed in duplicate. The temperature at the 
thermocouple 106 (the backside temperature) was measured 
and recorded, and the results are shown in FIG. 3. The back- 
35 side temperature of each test sample 110 remained approxi- 
mately constant for 50 seconds, at which time the backside 
temperatures increased. The backside temperatures of the 
foam of the test sample in Example 2 increased slower than 
the backside temperatures of the foam of the test sample 110 
40 of Example 1 and the FROTH-PAK™ polyurethane foam 
sample (see FIG. 3). 

Example 3 

45 23.7% Polysilazane with 9.1% Boron Carbide with Graphite 
Coating 

Precursor formulation 3 was formed having 23.7% 
CERASET® Polysilazane 20 (Kion), 47.6% MDI (MON- 
DUR® CD, Bayer), 0.8% water, 1 4.8% alcohol (7.4% REN® 
50 6405, Huntsman Chemical, and 7.4% dipropylene glycol), 
1.0% catalyst (0.5% POLYCAT® 41 and 0.5% DABCO® 
TMR, Air Products), 3.0% DABCO® DC5598 surfactant 
(Air Products), and 9.1% boron carbide (-325 mesh, Electro 
Abrasives). Precursor formulation 3 was formed by hand 
55 mixing in a mix cup using a premix of catalysts, surfactant, 
boron carbide alcohol and water; MDI; and polysilazane. 

A thermocouple 106 was placed on a 6.35 mm (0.25 in) 
layer of cork 102 over a backing plate 100 , as shown in FIG. 
4 . Precursor formulation 3 was poured into a mold to a thick- 
60 ness of 25.4 nun (1.0 in) onto the layer of cork 102 and over 
thermocouple 106 . The components of precursor formulation 

3 reacted to form a foam 104 . The foam 104 was cured for a 
mini mum of 30 minutes prior to demolding. The foam 104 
had a density of about 0.15 g/cm 3 to about 0.20 g/cm 3 (9.3 

65 lb/ft 3 to 12.5 lb/ft 3 ). A coating 108 of expanding graphite and 
glass in a polysilazane matrix was applied to the foam 104 to 
form a test sample 112 (FIG. 2 ). The coating was 12.5% 
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expanding graphite (GRAFGUARD® 220-80, GrafTech 
International), 12.5% glass microspheres (3M™ Glass 
Bubbles K20), 37.5% polysilazane (CERASET® 20 Kion), 
and 37.5% IPDI (VESTANAT® IPDI, Evonik). The coating 
was mixed and applied by hand to the surface of the foam to 
a thickness of about 0.5 mm to about 1 .0 mm (0.020 in to 

0. 060 in). The coating was allowed to cure at room tempera- 
ture (approximately 22° C.) for a minimum of 18 hours prior 
to handling. The test sample 112 was subjected to a 40 BSF 
torch test, as shown in FIG. 2 and described above in Example 

1 . 

The temperature at the thermocouple 106 (the backside 
temperature) was measured and recorded, and the results are 
shown in FIG. 5. The backside temperature of the test sample 
112 remained approximately constant for 60 seconds — the 
length of the test. As a comparison, the backside temperature 
under a sample of FROTH-PAK™ polyurethane foam (Dow 
Chemical Co., Midland, Mich.), treated with the same coating 
108, remained approximately constant for 15 seconds (see 
FIG. 5). 

Example 4 

22.7% Polysilazane with 8.7% Boron Carbide and 4.4% 
Glass Microspheres with Graphite Coating 

Precursor formulation 4 was formed having 22.7% 
CERASET® Polysilazane 20 (Kion), 45.4% MDI (MON- 
DUR® CD, Bayer), 0.7% water, 14.2% alcohol (7.1% REN® 
6405, Huntsman Chemical, and 7.1% dipropylene glycol), 
1.0% catalyst (0.5% POLYCAT® 41 and 0.5% DABCO® 
TMR, Air Products), 2.9% DABCO® DC5598 surfactant 
(Air Products), 8.7% boron carbide (-325 mesh, Electro 
Abrasives), and 4.4% glass microspheres (3M™ Glass 
Bubbles K20). Precursor formulation 4 was formed by hand 
mixing in a mix cup using a premix of alcohol, water, cata- 
lysts, surfactant, boron carbide, and glass microspheres; 
MDI; and polysilazane. 

A thermocouple 106 was placed on a 6.35 mm (0.25 in) 
layer of cork 102 over a backing plate 100 , as shown in FIG. 
4 . Reaction mixture 4 was poured into a mold to a thickness of 
25.4 mm (1 .0 in) onto the layer of cork 102 and over thermo- 
couple 106 . The components of precursor formulation 4 
reacted to form a foam 104 . After the foam 104 cured for a 
minimum of 30 minutes, a coating 108 of expanding graphite 
and glass in a polysilazane matrix was applied to the foam 
104 , forming test sample 112 . The coating was 12.5% 
expanding graphite (GRAFGUARD® 220-80, GrafTech 
International), 12.5% glass microspheres (3M™ Glass 
Bubbles K20), 37.5% polysilazane (CERASET® 20, Kion), 
and 37.5% IPDI (VESTANAT® IPDI, Evonik). The coating 
was mixed and applied by hand to the surface of the foam to 
a thickness of about 0.5 mm to about 1.0 mm (0.020 in to 
0.060 in). The coating was allowed to cure at room tempera- 
ture (approximately 22° C.) for a minimum of 18 hours prior 
to handling. The foam 104 had a density of about 0.15 g/cm 3 
to about 0.20 g/cm 3 (9.3 lb/ft 3 to 12.5 lb/ft 3 ). The test sample 
112 was subjected to a 40 BSF torch test, as shown in FIG. 2 
and described above in Example 1 . 

The temperature at the thermocouple 106 (the backside 
temperature) was measured and recorded, and the results are 
shown in FIG. 5. The backside temperature of the sample 
remained approximately constant for 60 seconds — the length 
of the test — similar to the results observed with the test 
sample 112 of Example 3. 

Example 5 

23.7% Polysilazane with 9.1% Boron Carbide with Graphite 
Coating 
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After it passed the 40 BSF torch test, the test sample 112 
described in Example 3 above was subjected to an 80 BSF 
torch test. For the 80 BSF torch text, the oxyacetylene torch 
120 (FIG. 2 ) was calibrated to provide twice the heat load, 
5 217.0 kcal/m 2 s (80 BTU/ft 2 s, or 80 BFS) to the test sample 
112 . The backside temperature of the test sample 112 sub- 
jected to the 80 BFS torch test remained approximately con- 
stant for 60 seconds — the length of the test (see FIG. 6), 
similar to the results observed with the test sample 112 of 
Example 3. 

Example 6 

22.7% Polysilazane with 8.7% Boron Carbide and 4.4% 
Glass Microspheres with Graphite Coating 
15 After it passed the 40 BSF torch test, the test sample 112 
described in Example 4 above was subjected to an 80 BSF 
torch test. The backside temperature of the test sample 112 
subjected to the 80 BFS torch test remained approximately 
constant for 45 seconds, then increased rapidly (see FIG. 7 ). 
20 As a comparison, the backside temperature of a similar test 
sample 112 (Example 4) in the 40 BFS torch test remained 
approximately constant for the entire length of the test. 

Example 7 

25 

20% Polysilazane, 15% Glass Microspheres, and 2% Graph- 
ite 

Precursor formulation 7 was formed having 20.2% HTT 
1800 polysilazane (Kion), 17.8% MDI (MONDUR® 489, 
30 Bayer), 17.8% IPDI (VESTANAT® IPDI, Evonik), 1.5% 
water, 25% alcohol (12.4% CAPA® 4101 plus 12.6% 
CAPA® 3050, Perstorp), 0.3% catalyst (POLYCAT® 4 1 , Air 
Products), 3.1% DABCO® DC5598 surfactant (Air Prod- 
ucts), 12.5% glass microspheres (ECCOSPHERES® SI-250, 
35 Trelleborg Offshore Boston, Inc.), and 1.8% graphite 
(GRAFGUARD® expandable graphite flake 220-80, GrafT- 
ech International). Precursor formulation 7 was formed by 
hand mixing in a mix cup using a premix of MDI and IPDI; a 
premix of alcohol, water, surfactant, catalyst, glass micro- 
40 spheres; and a premix of polysilazane, graphite and glass 
microspheres. 

Precursor formulation 7 was poured into a mold to a thick- 
ness of 25.4 nun (1 .0 in) onto a backing plate 100 , as shown 
in FIG. 8. The components of Precursor fonnulati on 8 reacted 
45 to form a foam 104 . The foam 104 was cured for a minimum 
of 30 minutes prior to demolding, forming test sample 130 . 
The foam 104 had a density from about 0.13 g/cm 3 to 0.16 
g/cm 3 (8 lb/ft 3 to 10 lb/ft 3 ). The test sample 130 was subjected 
to a hot gas test. 

50 In the hot gas test, a nozzle 136 was disposed approxi- 
mately 183 cm (72 in) from the test sample 130 at an attack 
angle 138 of 20°. The nozzle 136 was calibrated to deliver hot 
gas from a hot gas source 134 at a heat load of 75.9 kcal/m 2 s 
(28 BTU/ft 2 s, or 28 BFS) to the test sample 130 . The test 
55 sample 130 was subjected to the hot gas from the nozzle 136 
until the foam 104 was observed to fail. The time of failure 
was measured and recorded. The test was terminated after 
1 1 .0 s upon exposure of the backing plate 100 . The foam was 
observed to form channels, rather than erode evenly across 
60 the surface. As a comparison, a sample of FROTH-PAK™ 
polyurethane foam (Dow Chemical Co., Midland, Mich.) 
with similar dimensions failed after 5.4 s. 

Example 8 
65 

20% Polysilazane, 6% Glass Microspheres, and 9% Boron 
Carbide, with Coating 
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Precursor formulation 8 was formed having 20% HTT 
1800 polysilazane (Kion), 17.7% MDI (MONDUR® 489, 
Bayer), 17.7% IPDI (VESTANAT® IPDI, Evonik), 1.5% 
water, 24.8% alcohol (12.3% CAPA® 4101 plus 12.5% 
CAPA® 3050, Perstorp), 0.3% catalyst (POLYCAT® 41, Air 5 
Products), 3.1% DABCO® DC5598 surfactant (Air Prod- 
ucts), 9.0% boron carbide (-325 mesh, Electro Abrasives), 
and 6% glass microspheres (ECCOSPE1ERES® SI-250, 
Trelleboig Offshore Boston, Inc.). Precursor formulation 8 
was formed by hand mixing in a mix cup using a premix of to 
MDI and IPDI; a premix of alcohol, surfactant, water and; and 
a premix of polysilazane, glass microspheres and boron car- 
bide. 

Precursor formulation 8 was poured into a mold to a thick- 
ness of 25.4 mm (1.0 in) onto a backing plate 100, as shown 15 
in FIG. 8. The components of Precursor formulation 8 reacted 
to form a foam 104. The foam 104 was cured for a minimum 
of 30 minutes prior to demolding. The foam 104 had a density 
from about 0.1 6 g/cm 3 to 0.19 g/cm 3 (lOlb/ft 3 to 12 lb/ft 3 ). A 
coating 108 was formed of 3.7% graphite (GRAFGUARD® 20 
expandable graphite flake 220-80, GrafTech International), 
7.5% glass microspheres (ECCOSPHERES® SI-250, Trelle- 
boig Offshore Boston, Inc.), 30.0% MDI (SUPRASEC® 
9150, Huntsman Chemical) and 58.8% HTT 1800 polysila- 
zane (Kion). The coating was mixed and applied by hand to a 25 
thickness of about 0.5 mm to about 2 mm (0.020 in to 0.060 
in). The coating was tack free within 1 5 minutes, forming test 
sample 132 (FIG. 8). The test sample 132 was subjected to a 
hot gas test as described in Example 7. 

The hot gas test was perforated in duplicate, with identical 30 
samples. The first hot gas test was terminated after 30.4 s upon 
exposure of the backing plate 100. The coating 108 and foam 
104 eroded generally uniformly across the sample, though 
some channeling was observed. The second hot gas test was 
terminated after 20.3 s upon exposure of the backing plate 35 
100. The foam exhibited more channeling than the form 104 
in the first hot gas test, and the coating 108 was removed 
unevenly. 

Example 9 40 

20% Polysilazane, 6% Glass Microspheres, and 9% Boron 
Carbide, with Coating 

A test sample 132 was formed as described in Example 8. 
The test sample 130 was subjected to a hot gas test in which 45 
the heat load was 124.8 kcal/m 2 s (46 BTU/fi 2 s, or 46 BFS) 
and the attack angle 138 was 30°. The foam was observed to 
form channels, rather than erode evenly across the surface. A 
shock (i.e., a testing anomaly) was observed, leading to tur- 
bulent flow and rapid erosion of the backing plate 100. The 50 
test was terminated after 10.1 s upon exposure of the backing 
plate 100 . 

While the invention is susceptible to various modifications 
and alternative fonns, specific embodiments have been 
shown by way of example in the drawings and have been 55 
described in detail herein. However, the invention is not 
intended to be limited to the particular forms disclosed. 
Rather, the invention is to cover all modifications, equiva- 
lents, and alternatives falling within the scope of the invention 
as defined by the following appended claims and their legal 60 
equivalents. 

What is claimed is: 

1. A method of forming an insulating material, comprising: 

combining a polysilazane, a filler, a cross-linking com- 
pound, and a gas-generating compound to fonn a reac- 65 
tion mixture, the gas-generating compound selected 
from the group consisting of water, an alcohol, an amine. 
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and combinations thereof; the cross-linking compound 
selected from the group consisting of an isocyanate, an 
epoxy resin, and combinations thereof; and the filler 
selected from the group consisting of finned silica, glass 
microspheres, boron carbide, zinc borate, and expand- 
ing graphite; 

reacting the polysilazane with at least one of the gas-gen- 
erating compounds and an epoxy resin cross-linking 
compound to fonn a gaseous product in the reaction 
mixture; and 

curing the reaction mixture to form a modified polysila- 
zane comprising a plurality of pores. 

2. The method of claim 1, wherein curing the reaction 
mixture comprises exposing the reaction mixture to a tem- 
perature between about 20° C. and about 25° C. 

3. The method of claim 1, wherein combining a polysila- 
zane, a cross-linking compound, and a gas-generating com- 
pound to fonn a reaction mixture comprises combining a 
polysilazane, an aromatic isocyanate, and water. 

4. The method of claim 1, wherein combining a polysila- 
zane, a cross-linking compound, and a gas-generating com- 
pound to fonn a reaction mixture comprises combining a 
polysilazane, methylene diphenyl diisocyanate, dipropylene 
glycol, and water. 

5. The method of claim 1, further comprising coating the 
modified polysilazane with a filler and a polysilazane matrix, 
the filler comprising at least one of fumed silica, glass micro- 
spheres, boron carbide, zinc borate, and expanding graphite. 

6. The method of claim 1, further comprising forming a 
coating over the modified polysilazane, the coating compris- 
ing graphite and glass microspheres. 

7. The method of claim 1, wherein combining a polysila- 
zane, a cross-linking compound, and a gas-generating com- 
pound to fonn a reaction mixture comprises combining a 
polysilazane, a blocked isocyanate, an unblocked isocyanate, 
water, an alcohol, and a surfactant. 

8. An insulating material, comprising: 

a matrix comprising one of a reaction product of a polysi- 
lazane and an isocyanate or a reaction product of a 
polysilazane and an epoxy resin, and further comprising 
a filler selected from the group consisting of fumed 
silica, glass microspheres, boron carbide, zinc borate, 
and expanding graphite; 

wherein the matrix comprises a plurality of pores formed 
by a gaseous product of one of a reaction of the polysi- 
lazane and a gas-generating compound selected from the 
group consisting of water, an alcohol, an amine, and 
combinations thereof, or by reaction of the polysilazane 
and the epoxy resin. 

9. The insulating material of claim 8, wherein the insulat- 
ing material has a density of less than about 0.16 g/cm 3 . 

10. A precursor formulation, comprising: 

a polysilazane; 

a cross-linking compound selected from the group consist- 
ing of an isocyanate, an epoxy resin, and combinations 
thereof; 

a gas-generating compound selected from the group con- 
sisting of water, an alcohol, an amine, and combinations 
thereof; and 

a filler selected from the group consisting of fumed silica, 
glass microspheres, boron carbide, zinc borate, and 
expanding graphite. 

11. The precursor formulation of claim 10, further com- 
prising a catalyst, wherein the catalyst comprises a metal salt 
complex, a quaternary ammonium salt, an alkali metal car- 
boxylate, a tertiary amine, or a quaternary amine. 
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12. The precursor formulation of claim 10, further com- 
prising a surfactant. 

13. A precursor formulation, comprising: 

a polysilazane; 

a cross-linking compound comprising a blocked isocyan- 5 
ate; and 

a gas-generating compound selected from the group con- 
sisting of water, an alcohol, an amine, and combinations 
thereof. 

14. The precursor formulation of claim 13, wherein the to 
cross-linking compound further comprises an unblocked iso- 
cyanate, and wherein the gas -generating compoimd com- 
prises water and an alcohol. 

15. The precursor formulation of claim 13, wherein the 
precursor formulation comprises a polysilazane, dimethyl 15 
pyrazole, methylene diphenyl diisocyanate, water, and polyb- 
utadiene with terminal isocyanate groups. 

16. The precursor formulation of claim 13, wherein the 
precursor formulation comprises a polysilazane, methylene 
diphenyl diisocyanate, water, a-hydro-Q-hydroxy poly(oxy 20 
(methyl- 1,2-ethanediyl)) ether, and 2,2-bis(hydroxymethyl)- 

1, 3-propanediol. 



